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ABSTRACT

Biaxial experiments have been conducted using cruciform specimens to generate
elastic-plastic material deformation data. Such data is required to validate a
multiaxial constitutive model which has been implemented in finite element analysis
codes at AMRL. The elastic-plastic data have been obtained for two aircraft metallic
materials namely: 7050 aluminium alloy and D6AC high strength steel. In this work
some of the deficiencies in the existing biaxial test system at AMRL have been
rectified, including the provision for strain control testing. It has been shown that for
this type of work, a new specimen design is needed to allow a wider range of biaxial
stress conditions to be investigated, and a suitable design is given herein.
Furthermore, as an alternative to incremental plasticity models, a simple closed-form,
integral solution has been developed and is presented for proportional, cyclic,
loading. Using this integral solution, good agreement between experimental results
and the theoretical predictions has been obtained.
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Experimental Results of Cruciform Specimens
under Biaxial Elastic-Plastic Loading

Executive Summary

Elastic-plastic stress-strain analysis is a vital prerequisite to aircraft structural integrity
and durability analysis. In order to perform an accurate analysis of the stress/strain
distribution at critical locations in aircraft structures under cyclic loading, an accurate
three-dimensional stress-strain (ie constitutive) model is required. Such a model is
then typically used in conjunction with a finite element stress analysis. To date, the
constitutive model being implemented at AMRL has only been verified using uniaxial
data and it is the aim of this work to generate biaxial cyclic deformation data to enable
its validation.

This report presents the results of biaxial tests which have been conducted using the
AMRL biaxial test rig and a cruciform specimen. As part of this work, the controller for
the biaxial test machine has been modified to allow tests to be conducted under strain-
controlled conditions. A bending/buckling detecting technique has also been
developed to provide additional safety control. As a result of the work undertaken, the
biaxial machine is now fully functional, the design of a significantly improved
specimen has been completed, and some valuable experimental data have been
obtained. A simple closed-form, integral constitutive relation has been developed and
presented for proportional, cyclic loading. Using this integral solution, good
agreement between experimental results and the theoretical predictions has been
obtained.
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1. Introduction

In recognition of the need to understand fatigue crack growth behaviour under biaxial
stresses, a biaxial test machine has been under development at AMRL-FB [1] over the
last decade. More recently, research has been undertaken to model the elastic/plastic
deformation behaviour of metals and adhesives under cyclic loading conditions. The
reasons for this are legion, and some of the most important aspects include; (i) most
key aircraft components and structures in service are subjected to biaxial loading, such
as in the F-111C stiffener runout and the fuel flow vent hole. It is known that biaxial
loading can be more detrimental than uniaxial loading on the basis of conventional
failure criteria, and (ii) there is an urgent need for validating constitutive models
adopted for implementation in finite element (FE) codes (the mostly extensively used
FE code at AMRL currently is PAFEC). Of particular importance is the characterisation
of the biaxial response of two aircraft metallic material, namely: 7050 al-alloy (F/A-18)
and D6AC steel (F-111 wing pivot fitting). It is believed that a powerful computational
tool, such as a finite element package with a validated advanced constitutive model,
will greatly enhance AMRL’s capability in handling the elastic/plastic stress-strain
distribution at critical locations in RAAF aircraft. So far, however, the constitutive
model adopted in the FE code has been verified for uniaxial loading only.

Preliminary tests using the AMRL biaxial test system have been completed. They
demonstrate that for the selected design of specimen the desired uniformity of elastic
biaxial stress field over the test section of the specimen was achieved. However
significant limitations in the machine control system were subsequently encountered, -
and all these preliminary tests were limited to elastic loading only [2]. Since the main
objective of the present biaxial work is to provide input to validate AMRL constitutive
model for the D6AC material used in the F-111 aircraft, it was essential to extend the
tests into the elastic-plastic region, which would require a reassessment of both
specimen design and test machine control configuration.

Consequently the aims of this report are to present (i) the development of an improved
test machine control system, and the progress made to date, (ii) closed-form solutions
as an alternative to incremental constitutive models, so as to provide a more efficient
computational method for determining both uniaxial and multiaxial elastic-plastic
deformations, and (iii) a buckling analysis for the cruciform specimens, including a
comparison with experimental results.
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2. Specimen Design and Experimental Setup

2.1 Specimen Design

The cruciform specimen chosen previously [3] for biaxial verification tests is shown in
Figure 1. The specimen is clearly complex and expensive to produce, but was chosen
mainly to ensure that a constant, controlled biaxial stress field can be maintained
within the test section. After comparing different kinds of cruciform specimen designs
using finite element analysis, this design was demonstrated to provide a relatively
uniform elastic stress distribution (variation less than 2%) over 70% of the working
section [4]. The array of slots machined along each edge of the working area serve two
purposes. Firstly they allow a uniform distribution of applied stress along the edge, as
each “finger” experiences the same extension or contraction under uniaxial load.
Secondly, they minimise specimen strain cross-sensitivity between the two loading
axes, since as the load is applied along one axis, the individual fingers on the other
loading axis are able to flex relatively freely. This allows the central gauge section to
deform with minimum restraint along the edges. Since the edge constraint is small, a
uniform distribution of strain is readily obtained over the working section of the
specimens from the separate loads applied to each axis.

2.2 Specimen loading conditions

The feature of stress uniformity is important in the study of fatigue crack growth
under biaxial loading, since it enables cracks to grow in a uniform stress-field over a
wide range of crack lengths, it is however less critical to an investigation of biaxial
deformation. The purpose of the relatively thin section (see Figure 1) within the square
gauge area was to localise the deformation there, however the possibility of buckling
was not properly addressed at the time of design of these specimens, although the
possibility was noted [4]. Figure 2 depicts the assembly of a cruciform specimen in the
biaxial test machine. Due to the use of long loading arms to extend the actuators (see
Figure 2a), alignment was a problem and initially this was overcome by welding the
actuator mounts to the test machine frame. However the mounting of specimens still
remained a difficult operation, which was exacerbated by the tendency of the vertical
actuators to creep down when the hydraulics are turned off. Currently a jack is placed
underneath the vertical actuator when the hydraulics is switched to low pressure,
before the power is finally switched off.
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2.3 Test machine control details

Since the machine was originally designed to run in load control only, (which is not
suitable for plastic deformation studies), some modifications have been implemented
in the current work programme to convert the system into one which provides for
strain control. This would provide better control stability and repeatability,
particularly in the high stress regime above the material’s yield stress. To achieve this,
four active and four dummy strain gauges are attached to the specimen to form two
full bridges for the strain control of the machine in both axes, as illustrated in Figure 3.
For each full bridge, two active gauges are placed on the two sides of the specimen as
per the circuit diagram shown in Figure 4(a). Here, the active gauges on one side are
designated Al and A2 while those on the other side are Bl and B2. The dummy gauges.
on the two sides are designated as X1, Y1, and X2, Y2 respectively. In addition, four
strain gauges are also attached to the specimen (C1, C2 on one side and D1, D2 on the
other) to form two half-bridges to monitor any possible bending of the specimen, see
Figure 4(b). A predetermined level is set so that the machine would be commanded to
cease further loading and ramp slowly from its current load to zero strain, if the
mechanical safety switch of the machine is not trigged prior to this. The predetermined
limit was initially set at 200 pe, but later it was found that the misalignment in the
vertical axis caused a 10% difference in the strain gauge readings (indicating a bending
strain equal to 5% of the average strain). So a larger safety level was set to enable
experiments to run smoothly. This bending monitoring arrangement was also
intended as a safety device to stop the test before buckling takes place to protect the
specimen. However this was subsequently proven to be impossible as the buckling
happens so quickly that there is insufficient time to unload the specimen to avoid
buckling; see Section 5.

2.4 Test program

The following tests are proposed to generate stress-strain data for validating the
constitutive model: (a) Uniaxial loading, (b) proportional loading with biaxiality ratios
equal to = 0.5 and f= 2.0, (c) equi-biaxial loading, (d) shear loading, and (e) plane
strain loading. Here the biaxiality ratio is defined as the ratio between the vertical
strain and the horizontal strain.
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3. Experimental Analysis and Results

The preliminary tests were conducted under load control. The specimens for these
tests were manufactured from aluminium alloy 5083, with a strain gauge rosette
placed at the centre of each specimen. Subsequently three specimens were
manufactured from 7050 Al-alloy and three from D6AC steel. The tests on the D6AC
specimens were performed under strain control using the modified control system.

3.1 Specimen alignment

When a specimen is loaded in the horizontal axis only (in this case the vertical axis
control is switched off to allow free deformation), the bending strains in both the
vertical and horizontal directions are observed to be less than 1% of the applied
(average) strain; see Figure 5. Therefore the alignment in the horizontal axis is
extremely good. However, when the specimen is loaded in the vertical direction while
the horizontal control is switched off, a significant bending strain is observed, about
4.4% of the direct strain; see Figure 6. This suggests that there is slight misalignment in
the vertical direction. Assuming the misalignment is '3, the bending strain can be
expressed in terms of the direct strain as follows,

6M P

- gt 1
iE “ThE @)

where « is the ratio between the bending strain and the direct strain, which is equal to
0.044 in the present case. Here M represents the bending moment, L and h are the
width and thickness of the specimen respectively, and E is the Young's modulus. Since

M=P§, we have
h
5 =0 — 2
: @

Noting that the thickness of the working section is h=2.5 mm, the misalignment is
calculated to be about 0.018 mm. Although this misalignment is not significant,
considering the long distance between the actuator and the specimen (about 0.5 m), in
future work it will be desirable to eradicate this error by adjusting the specimen
alignment in the vertical axis.
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3.2 Tests of aluminium alloy 5083 Specimens under load control

A total of seven elastic loading cases have been conducted, including uniaxial, equi-
biaxial and plane strain. Denoting the biaxiality factor as the ratio between vertical
strain and horizontal strain, ie.

vertical strain &,
B=— —=— ®)
horizontal strain ¢,

the results shown in Figs. 7-13 correspond to f = -0.3, -3.3, 05, 2, 1, 0 and o,
respectively. Due to difficulties with the control system, only valid data in the elastic
regime were obtained. The figures show that good linearity between applied load an
strain response a the strain gauge locations. It can be seen that there was minimal
cross-sensitivity in strain response, for the two loading axes.

Subsequent testing as outlined in section 3.3 used the new strain control system as
explained in section 2.3.

3.3 Tests of D6AC steel Specimens under strain control

A total of 14 tests have been carried out, mostly in the elastic region. Some typical
biaxial experimental results are shown in Figs. 14-20, corresponding to § = -0.3, -3.3,

05,2, 1, 0, o, respectively. The primary purpose of these elastic tests was to verify the
satisfactory performance of the machine control system and the computer data
acquisition software. The linearity of the elastic results indicate the response of the
specimen followed the imposed loading path, through the use of the control software

program.

3.4 Cyclic plasticity modelling for proportional loading

In reference [5] elastic/plastic results are given for cylindrical bar specimens under
monotonic and cyclic uniaxial loading, these are reproduced in Fig 21a, (depicted by
triangular symbols) and those obtained in the present work using the cruciform
specimens are also presented in Figure 21a. Taking the basic material properties for
D6AC steel as, E=210 GPa and v=0.32, from reference [6], and making use of the
Ramberg-Osgood hardening relationship,

£= % + (%)un @
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the strain hardening coefficient and exponent are equal to 1853 MPa and 0.044 for
monotonic loading. The fitted curves are shown as solid lines in Fig 21a.

From reference [5] we have also reproduced the stabilised cyclic stress/strain curve
(connecting peak points on stress/strain curves at various constant strain levels).
Fitting equation 4 to this curve gives K= 3797 MPa and n=0.194. This is plotted in Fig

21a as the dashed line.

The Masing assumption states that the hysteresis strain hardening is the same as the
cyclic stress-strain relationship, thus the cyclic hysteresis loop can be predicted by
modifying equation (4) as follows,
_ R _ R :
R_O—-OC g—-0 )I/n ©)
E 2K

where o® and &® are the stress and strain at a turning point (the peak point of cyclic
curve). Hence using the cyclic stress/strain constants (K= 3797 MPa and n=0.194) and
equation (5) we can give a prediction for the hysteresis loop shape, which is shown as
a solid line in Figure 21b. For comparison purposes the experimental data for
cylindrical and cruciform specimens (for uniaxial loading) are given together with the
predictions (dotted line) based on the monotonic constants (K=1853 MPa and n=0.044)
for cylindrical specimens. It can be seen there is good agreement between the results
generated from different specimens using different test machines.

The approach given above is believed to be valid for uniaxial loading conditions. In
the case of proportional biaxial or multiaxial loading conditions, the above method can
be extended. This can be achieved by using an integral theory, which is presented in
the appendix. Predictions arising from the theory given in the appendix are compared
to experimental results in Figure 22. It can be seen that the predicted response
correlates well with the experimental data. The plastic strains would be over-estimated
if the effect of loading history is ignored and this half cycle is considered as monotonic
loading; a prediction is also shown in the figure. It should be noted that general non-
proportional loading requires an incremental version [7,8].
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4. Buckling Analysis of Cruciform Specimens under
Biaxial Compressive Loading

It was expected that specimen buckling would be a problem when a high level load is
applied in order to generate plasticity. An analysis has therefore been carried out to
assess the critical loading at which the specimen will buckle.

4.1 Theory

The governing differential equation of a square plate under biaxial loading as shown
in Figure 23 is, given in reference [9] as,

J'w tw o”"w 1 Fw Fw
) +2 2 =—(o, t0, 53
ox Ox*dy? é’y D Ox? 175%

) (6)

where w is the out-of-plane deflection of the plate, and

2
12 £ 2 @)
(1-v)
where E and v are respectively the material’s Young’s modulus and Poisson’s ratio, h is
the plate thickness, L is the length and width of the plate, and the horizontal and
vertical stresses are given by o, and oy respectively. For a simply supported square
plate we have

0 ©

w= ZZW s1n———smﬂ 8)
m=1 n=1 L

Here m and n signify the number of half-waves in the buckled plate in the x and y
directions, respectively. For the central section of the specimen we have a length and
width of L, and from equations (6) and (8) we therefore have

m n m n
PP 0y ©
and so
2 2 _ 2 252 7’D
o.m +0'yn ——-(m +n ) '—L2— (10)
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If we take m=1 and n=1, the critical loads at which the central section of the specimen
will buckle can be expressed as

(1)

Since the arms of the cruciform specimens are much stiffer than the central section, the
working area should be considered as fully clamped. Consequently the critical stress
that the specimen can sustain might be higher than the above predicted level. In this
case, an approximate solution [10] is

2
D
o, +o,=-107 ”L2 (12)

It can be seen from equations (11) and (12) that the critical stress is approximately 2.6
times that of the simply supported case.

4.2 Steel specimens’

For the steel specimens, taking the properties as in section 3.3, and a yield stress of
1200 MPa, the critical stress from equation (12) is plotted in Figure 24. Also given in
this Figure is the yield surface for biaxial loading, assuming the von Mises yield
condition. Clearly the highest compressive stress that the specimen can sustain under
uniaxial loading, for the simply supported case, is about 427 MPa for the dimensions
shown in Figure 1, which is far less than the yield stress of the steel specimen. It is also
evident that buckling will occur far earlier than yielding, an unsatisfactory situation
when the aim of the tests is to generate plasticity in the specimen. Even with the fully
clamped end condition, the critical stress is still only 1142 MPa, less than the
compressive yield stress of the steel specimen. Under equibiaxial compression
(o, =0,), the buckling load will be further reduced to half the above mentioned
value, namely 571 MPa for each loading axis. Hence the current design does not allow
a compressive stress sufficiently high to generate plastic deformation, although some
limited shear loading (o, =—0 ) tests can be conducted.

During a particular biaxial test, one specimen was first loaded to 10,000 and 5,000
micro strain in the horizontal and vertical axes and then unloaded to zero strain. Just
before the zero strain state was reached, the specimen buckled at horizontal and
vertical loads of -200 kN and -100 kN, which corresponds to compressive stresses of -
744 MPa and -377.5 MPa, respectively. As shown in Figure 24, this result conformed to
the present buckling analysis.
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4.3 Loading fingers

The “fingers’, formed by the slots and used to apply the load, also raise a concern of
possible buckling. Each finger has the following dimensions: length | = 47mm, width a
= 4mm, and thickness of b = 7mm. Obviously if the fingers are to buckle, they will
occur in the specimen plane. The Euler buckling load for the finger is given by

TrEI
lZ

Der = (13)

where p.: represents the critical load of a finger, I = ab® /12, and 1,=1/2 for fixed end
conditions. For the present case the calculated buckling load is 160 kN. Since there are
12 fingers on each edge, and the maximum possible machine applied load is 440 kN,
there is no danger that the fingers will buckle under the testing condition.

4.4 Comments and recommendations

The above analyses indicate that the designed specimens are not suitable for
conducting plastic loading tests, especially for positive biaxiality loading. While this
type of cruciform specimen has proved successful in biaxial fatigue research, in which
a pre-crack is introduced and as a result the overall stress level is normally less than
one-third of the material's yield stress (a condition for LEFM to be valid), it is,
however, not suitable for high stress loading. For aluminium specimens, where, since
the Young’s modulus is roughly one third that of the steel, the buckling stress would
be about 142 MPa using the analysis of section 3.3. This puts a severe limit on the stress
level (thus plastic strain level) that can be applied. One alternative is to use an anti-
buckling device to minimise the buckling problem, but since a large area of the
working section is strain gauged, this may induce some problems, such as affecting the
accuracy of the strain gauge reading. Another option is to increase the cross section
thickness, but this would result in requiring a higher test machine loading capacity.
Therefore an analysis is required to determine the optimum design parameters for a
cruciform specimen capable of sustaining high plastic strain without buckling.

4.5 Improved specimen design

To design a cruciform specimen suitable for elastic-plastic loading, three conditions
have to be satisfied, namely

(a) the overall load required to strain the working section to its tensile strength limit
should not exceed the machine capacity, viz,
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P
Lh <~ (14)
Oy
where Prax is the machine overall loading capacity in either axis, and o, is the

material ultimate tensile strength.
(b) the specimen should not buckle under any combined loading condition;

Since the worst case in terms of buckling is the equibiaxial compression, o, = o, the

design requirement (b) using equation (12) can be expressed as
D
10.77° 7 220, (15)

Therefore substituting from equation (7), into equation (15) we have,

_ 2
h> 5,,————12(15 4‘;5)(;’ (16)
T X

The variation of & from the two equations, (14) and (16) is plotted in Figure 25, taking
o, =1600 MPa, E = 210 GPa for steel. The solution of these equations is given by the

intersection of the two curves shown in the figure, which suggests a combination of
length/width of L=83.5 mm and thickness of 1=3.3 mm. This configuration may not
have a large region of uniform stress, but as discussed in the introduction, this is not a
requirement for biaxial deformation testing. The respective failure surface and
buckling locus are shown in Figure 26, which depicts the useable loading path in
compressive region if buckling is to be avoided.

5. Conclusions

The achievements at AMRL to date for the design and commissioning of a biaxial test
system are as follows.

1. The biaxial test machine is now fully functional and is capable of running under
both load and strain control conditions. The strain-control capability has been
successfully implemented which now allows plastic deformation tests to be
conducted. The control system is an improvement over the previous one and has
overcome the main limitations in the test machine.
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2. A number of biaxial tests have been completed under elastic and/or plastic
loading condition, for 7050 al-alloy and D6AC steel. These results will be useful in
validating the constitutive model currently being developed at AMRL.

3. The result from a closed form cyclic elastic/ plastic stress strain relationship theory
for uniaxial loading has been compared to an experimental result, and good
agreement was observed. This theory was extended to multiaxial loading in the
appendix, which may serve as an alternative to the incremental constitutive
model. Good agreement with experimental results has been observed.

4. The original specimen design has been shown to be mostly unsuitable for plastic
loading, especially for D6AC steel. Two critical problems with the specimens are;
(a) the total load required to generate 10,000 micro strain in two directions will
exceed the machine capacity (500 kN in either axis), and (b) the specimen would
buckle at a compressive load of about 200 kN, a level which will easily be
exceeded under cyclic loading due to the Baushinger effect (a compressive load of
200 kN would be required to unload the specimen to zero strain after being
strained to 1%).

5. New specimen design requirements have been recommended for any future
biaxial work, which eliminates the problems of specimen buckling and exceeding
the machine load capacity.
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Appendix: Deformation theory for cyclic plasticity

To facilitate the following analysis, we denote the horizontal and vertical loads as P,
and P,, the respective stresses and strains as 0,,0,,¢€,,¢,. If the loading is

proportional, the principal plastic strain orientation remains the same as the principal
stress orientation, ‘

el =1s; (A1)

where s; are the deviatoric stress tensor and A is a proportion factor, which is positive
during loading and zero during elastic unloading. Define &’ = 2/ 3efef and

G=,3/ 2s;s; , we have A=3¢"/20. Here ey (=¢;—¢&,,/36;) is the deviatoric
strain tensor and s; =0;~0,,/30; is the deviatoric stress tensor. Therefore the

biaxial stress-strain relationship for proportional loading can be expressed as the
following via Hencky’s equations,

_(1+V)E
it =

5y +(1—2v)53m]-§m—5,.j (A2)

where V' is the effective Poisson’s ratio,
V'—OS-—(OS—V)E— (A3)
. . o
and the equivalent stress and strain are given by
f=—-—. |2 g (A4)

where &; (= &; — &, / 35;) are the deviatoric strain tensors and

— 3
o= ESUS” (AD5)

The relationship between & and & is given by the uniaxial stress-strain curve, e.g. a
Ramberg-Osgood relationship

§=f(5)=%+(%)"" (A6)

13
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14

For a given strain state, an iteration is required to obtain the correct value of the
Poisson’s ratio,

05 (05 (31 2e,8, 1 1+V)) A
v=05-05=v) Ef3/268, /(1+v) (87

An inverse version of equation (A7) for calculating stress components once the strain
components are known is

o E c E
O-ij= |—gij+( - l_) 5‘]
1+v')e 1-2v (1+v)e 3

(A8)

In the case of cyclic loading, the relative stress and strain concepts by Wang and
Brown [7,8] can be used to predict the hysteresis strain hardening. Relative stresses
and strains are defined as the differences between the instantaneous stresses and
strains and their respective values at the previous turning point,

. R

£;=E; — & (A9)
* R

C,;=0;—0; (A10)

The equivalent relative stress and strain can also be defined similarly to equations
(A14) and (A15), replacing the stress and strain tensors by the relative stress and strain
tensors, respectively. In this case, Hencky’s assumption is still valid, namely,

(e0) = X's; (A11)
where
= kP
x=3 (A12)
20

Equations (A7) to (A13) also hold for relative stresses and strains. Therefore the
instantaneous stresses and strains are related through the following equation

. Q+vHE
,'j—gij +—

. Com

Turning points are defined as the peak or trough of a loading sequence, which are
invariably followed by an elastic unloading. For a proportional loading sequence, the
range pair or rainflow counting methods can be used to identify the turning points. In
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the case of quasi-proportional loading, however, a more general counting method [11]
should be utilised to identify correct turning points.

To illustrate the present methodology, consider the example shown in Figure 22. The
residual strains €% = 2000 pe and 8]; = —438 ue, the corresponding initial stresses are

o¥ =-414 MPa and O'f =92 MPa when the strains are zeroed. Since the residual

strains were resulted from previous cyclic loading, the hysteresis hardening equations
need to be used in the predictions, hence the stresses are given by,

—

o, = [T——(%ﬁ?(l +Vp)(e, -+ ok (A14)

- v R R
o,=——7=(1+>)¢,-¢)+0 (A15)
y [1 _ (V )2 ] z ﬂ y y y
where V' is given by equation (A12), except that the equivalent stress and strain
should be replaced by the equivalent relative stress and strain. Alternatively, the
strains can be expressed in terms of stresses,

o, Vo,
E, =—5——+¢& (A16)
g o /€ *

c. -Vo.
Sy =—%—,—E—x+8§ (A17)

A computer program was written to perform the above calculation; and the
predictions and experimental results are shown in Figure 22. It can be seen that the
predicted response correlates well with the experimental data. The plastic strains
would be over-estimated if the effect of loading history is ignored and this half cycle is
considered as monotonic loading; a prediction is also shown in the figure.

15
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Fig. 2(a) Biaxial test machine
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Fig. 2(b) Loading arrangement of specimen
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Fig.3 Strain gauge locations for control and monitoring of specimen strains.
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Fig 4 Circuit for the control and safety strain gauge bridges.
(Letters in brackets indicate strain gauges on back face of specimens.)
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Fig. 5 Strain responses under horizontal loading only.
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Fig.6 Strain responses under vertical loading only.
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Fig.7 Deformation response of AL5083 under horizontal loading, f=0.3.
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Fig.8 Deformation response of AL5083 under vertical loading, 8 = —3.3.
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Fig.9 Deformation response of AL5083 under biaxial loading , 8=05.
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Fig.10 Deformation response of AL5083 under biaxial loading, f# = 2.
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Fig.11 Deformation response of AL5083 under equi-biaxial loading, S =1.
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Fig.12 Deformation response of AL5083 under biaxial loading, f#=0.
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Fig.13 Deformation response of AL5083 under plane strain, f# =co.

30



500

Horizontal strain ()

() 2000 4000 6000

-500

-1000

Vertical strain (ue)

-1500 o

-2000

1250

1000

750

500

Horizontal stress (MPa)

250

0 2000 4000 6000

Horizontal strain (ue)

Vertical stress (MPa)

Vertical stress (MPa)

100

50

%

-100

100

50

DSTO-TR-0399

00— g $— —8= = g

300 600 900 1200

Horizontal stress (MPa)

-50

-100

0 ad
-20?0-1500-1000 -500 0 500

Vertical strain (ue)

Fig.14 Deformation response of D6AC under horizontal loading , 8 = —033.
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Fig.15 Deformation response of D6AC under vertical loading , 8 =-30.
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Fig.16 Deformation response of D6AC under biaxial loading , 8=05.
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Fig.17 Deformation response of D6AC under biaxial loading , f=2.
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Fig.18 Deformation response of D6AC under equibiaxial loading, S=1.
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Fig.20 Deformation response of D6AC under plane strain condition, 8 =cc.

37



DSTO-TR-0399

A

Cylindrical bar specimen

— — Cyclic (K'=3797 MPa n'=0.194)
—— Monotonic (K=1853 MPa, n=0.0444)

Stress (MPa)

1500
1,66
500

A
Al

20000

Strain (ue)

A Cylindrical bar specimen

& - -8 Cruciform specimen
Monotonic (K=1853 n=0.044)
—— Cyclic (K'=3797 n'=0.194)

Stress (MPa)
1500

20000

Strain (ue)

Fig.21 Monotonic and cyclic stress-strain response of D6AC steel..
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